The effect of rice-husk char (potentially biochar) application on the growth of transplanted lettuce (Lactuca sativa) and Chinese cabbage (Brassica chinensis) was assessed in a pot experiment over a three crop (lettuce-cabbage-lettuce) cycle in Cambodia. The biochar was the by-product of a rice-husk gasification unit and consisted of 28.7% carbon (C) by mass. Biochar application rates to potting medium of 25, 50 and 150 g kg 1 were used with and without locally available fertilizers (a mixture of compost, liquid compost and lake sediment). The rice-husk biochar used was slightly alkaline (pH 7.79), increased the pH of the soil, and contained elevated levels of some trace metals and exchangeable cations (K, Ca and Mg) in comparison to the soil. The biochar treatments were found to increase the final biomass, root biomass, plant height and number of leaves in all the cropping cycles in comparison to no biochar treatments. The greatest biomass increase due to biochar additions (903%) was found in the soils without fertilization, rather than fertilized soils (483% with the same biochar application as in the "without fertilization" case). Over the cropping cycles the impact was reduced; a 363% increase in biomass was observed in the third lettuce cycle.
Introduction
Rice-husk char (RHC) is a waste by-product of gasification and, due to an absence of demonstrated use for the RHC, lack of knowledge of the properties of the char, and the lack of enforcement of waste management regulations, the material tends to accumulate adjacent to the gasification units [1] . There has been increasing interest in finding appropriate uses of such RCH [2] , and the purpose of this research was to explore the potential of RHC as a form of biochar with attendant benefits when introduced into agricultural soils. The study explores the impact of biochar over time on a multiple cycle pot trial, using two different vegetable crops. Due to large amounts of available RHC accumulating around rice mills (and small industrial installations that use rice husk gasification as a power supply, e.g. ice-making factories) in rural rice-growing areas of Cambodia [1] , it is not surprising that RHC is already applied albeit locally in an agricultural context. Currently, little research is available on the agronomic impacts of RHC, with two published studies for impacts on rice productivity in Cambodia [3, 4] suggesting that yield increases of 30 to 40% are feasible with 30 to 41.5 Mg ha 1 RHC application levels. Impacts of RHC on vegetable productivity are not presently known, nor are the effects of high application rates in a vegetable-growing scenario. Some previous research suggests that the greatest positive effect of biochar is seen at an application rate of 100 Mg ha 1 [4] , and that biochar application of up to 140 Mg ha 1 on weathered soils in the tropic resulted in improved crop yields relative to the control [5] . On the other hand, some studies indicate yields decrease (relative to the control) if too much biochar is added to soil [6, 7] . One of the purposes of the study reported here was to test the growth pattern of vegetables at high levels of RHC in pots in order to ascertain whether an upper application-threshold became evident beyond which further RHC addition, alongside other soil amendments, becomes counter-productive. In Cambodia, compost and liquid composts are routinely used to add organic matter and nutrients to soil, while soil additives such as locally-branded "effective microorganisms" (EM), are also commonly used. In the Siem Reap province of Cambodia, lake sediment is deposited seasonally from the Tonle Sap Lake and is considered to enhance crop growth in agricultural land [8] . Following common practice and locally available resources, we tested the impact of RHC and RHC with combinations of these other soil amendments. RHC shares some of the characteristics of biochar, which has been defined as the porous carbonaceous solid produced by thermochemical conversion (usually slow pyrolysis) suitable for the safe and long-term storage of carbon [9] . Because of their high ash content (ca. 60% to 70% on account of the active uptake of silicon in rice [1] ) and relatively low carbon content (ca. 30% to 35% [1] ), gasification chars are not automatically categorized as 'biochar'. The RHC meets the requirement of the International Biochar Initiative (IBI) [10] that the molar H to organic C ratio should have a maximum value of 0.7 [1] . The IBI defines three classes of biochar, and RHC would qualify under its guidelines as either organic carbon) [10] . The European Biochar Certificate (EBC) [11] , on the other hand, states that biochar must have a minimum of 50% stabile organic carbon; hence the RHC could not be classified as a biochar, but could be termed a "carbon-rich gasification ash". Another way of defining biochar is to consider the percentage of carbon conserved within the char residue from the feedstock. This is in line with the rationale for biochar for carbon capture and storage. In this case, given that slow pyrolysis results in a figure of ca. 50% conservation, using a definition of half of this at 25% carbon conversion, RHC would qualify as a biochar and we regard it as such for the purposes of this paper, while acknowledging the continuing lack of consensus internationally.
The potential impacts of biochar as a soil amendment have been extensively reviewed in the literature, e.g. Sohi et al. [12] and Jeffery et al. [13] . Biochar may alter the physical properties of the soil, including increasing aeration and water holding capacity of certain soils [12] [13] [14] [15] . Biochar can increase pH by 0.5-1.0 unit in most cases for application rates of 30 Mg ha 1 of biochar [16] , nutrients are directly available through the solubilization of ash in the solid biochar residue and other nutrients may become available though microbial utilization of a small labile carbon component of biochar [8] .
Gasification chars typically contain more nutrients, than those produced in slow pyrolysis for example [1] . While "fresh RHC" does not have a very high cation exchange capacity (CEC), it is still higher than weathered sandy tropical soils, and the CEC increases over time in soil [17, 18] . Chan et al. [19] , Asai et al. [6] and Saarnio et al. [20] show that biochar application in addition to fertilizer addition can lead to plant growth benefits, but a negative effect is sometimes observed without fertilization, due to reduced bio-availability, through sorption of nitrogen [21, 22] . In addition, the effect may be short lasting: in Saarnio et al [20] the first trial cycle showed a significant difference in above ground biomass, but further cycles showed no significant differences. The soils in much of Cambodia are Acrisols, with a high sand content often characterized by a subsurface accumulation of low activity clays, a low base saturation and low exchangeable K and Olsen P [23, 24] . In sandy soils, aridity is often a threat to agriculture, and low levels of biochar amendment can increase seedling resistance to wilting [25] , and can increase water holding capacity (WHC) with additions of only 5% biochar in mass of top soil [22] . Asai et al. [6] also directly measured the influence of biochar on the WHC in two separate locations in Laos and the saturated hydraulic conductivity (SHC) of the surface soil and the xylem sap flow (XSF) of rice plants. Biochar was shown to have significantly increased the SHC and XSF at both sites, supporting the hypothesis that biochar increases the WHC and water availability to plants [5] .
In summary, this paper addresses the proposition that RHC can provide benefits to crop production under the growing conditions prevalent in Cambodia. The findings have implications for subsistence and commercial agriculture in the region, and the sustainable use of available rice husk biochar.
Materials and Methods

Growing Substrates
Lettuce (Lactuca sativa) and cabbage (Brassica chinensis) were grown consecutively in pots prepared with a non-fertilized soil (0) and a fertilized soil (CS) with the addition of locally available organic fertilizers, namely compost, a liquid compost and lake sediment (quantities are shown in Table 1 ). Soil was collected from the Government of Cambodia APSARA research farm in Siem Reap. It is unlikely that these soils contain charcoal already since there has not been a tradition of crop residue or other burning on the land. The soil was analyzed (Table 2 ) from soil cores taken at a depth of 0-20 cm and found to be acidic, relatively low in organic matter, and to have a sandy loam soil texture. Sediment was obtained from the bed of the Tonle Sap lake about 1 km from the shore. The lake is approximately 20 km from the research farm. The compost solution was produced by collecting the liquid leachate from waste farm plant matter that had been decomposing for six weeks. The leachate was diluted (to 2% volume) and used to irrigate the pots three times per day. No other nutrients were subsequently added during the experimental period. The compost was made on farm from cow manure, chicken litter, leaf litter and lime. Note: * equivalent area based weight (approx.).
The biochar used was the rice-husk char from a 150 kW capacity continuous feed rice-husk gasification unit at the EAP Sophat ice factory in Kralanh District Town, Siem Reap Province, Cambodia. The gasification unit was manufactured by Ankur Scientific Energy Technologies Pvt. Ltd., Vadodara, India, and operates at temperatures between 900 and 1100°C.
Pot Experiment
Treatments were set up in slope-sided plastic pots 20 cm in height and 20 cm in diameter at the top and 16 cm at the base. The pots were filled with the growing medium in addition to 200 g of stones in the base to improve drainage. The substrate (Table 1) components were air dried for 24 h, weighed and crushed finely then mixed thoroughly before lightly packing the pots. The weight of each filled pot was 5000 g. However, owing to the low bulk density of the RHC the weight was only 3500 g for the treatment with the highest biochar addition (CS + B150). Mg ha 1 equivalent values were calculated on a weight per pot surface area (314 cm 2 ) basis. A total of 8 pots were initially established for each treatment which were treated to the same conditions as the other experimental pots in the case that plants died and replacements were needed. The pots were then arranged in a complete randomized block design. The pots were randomly rotated each day to a different position within the block for the duration of the trial. Each pot was provided with 0.25 L of water, two to three times per day as required depending on the prevailing weather conditions. All pots were stood on raised platforms allowing drainage and a suspended net was used to reduce the sunlight exposure and rain damage to the plants. Weeding and other management practices were undertaken if necessary.
The pots were set up in February 2010 and the final (third) harvest was taken in June 2010. In each cycle, seedlings were grown in the same potting medium (non-fertilized soils without biochar), to encourage germination before being transplanted into the treatment pots. After setting up, pots were left for 13 days before the first lettuce plants were planted into the trial pots. The first cycle of lettuce seed were germinated and grown for a total of 46 days (17 days in seed trays, and 29 days in the treatment pots). After harvesting the first cycle lettuce plants, cabbage were planted 18 days later as the second crop cycle. The cabbage was grown for a total of 30 days (9 days in seed trays, and 21 days in the treatment pots). The third cycle was lettuce again, commencing 16 days after the cabbage was harvested. The second lettuce crop was grown for a total of 42 days (14 days in seed trays, and 28 days in the treatment pots).
In the second cropping cycle (cabbage), only one plant survived in the control treatment. The data on this single plant was used out of necessity, and no statistical analysis was carried out using the data from the single specimen, however the data are included in Figure 2 and Table 3 .
Analysis
Soil samples (non-fertilized and fertilized) were taken during the experimental set up and were air dried for at least 24 h and stored cold during transportation. Analysis of both the soil and biochar samples (excluding particle size analysis, and in-situ pH analysis) was undertaken at the Scottish Environmental Technology Network (SETN) laboratories at University of Strathclyde, UK, using methods also described in Shackley et al. [1] following oven drying. pH was measured using electrochemical analysis using a ratio of 5:1 in de-ionised water; total C, H, N and S by dry combustion (CarloErba 1110 CHNS Analyser. Italy); and CEC and exchangeable cations and metals were assessed using BaCl 2 according to the British Standard and analysed by inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer Optima 5300 DV, USA). Sixteen polycyclic aromatic hydrocarbons (PAHs), identified as potentially toxic by the US EPA (US Environmental Protection Agency) were analysed after accelerated Solvent Extraction (ASE) using dichloromethane (DCM), quantified using Gas Chromatography-Mass Spectrometry (GC-MS) (ThermoElectron MAT 900, ThermoFisher Scientific, USA). Particle size analysis of the soil was undertaken at Phnom Penh National Agriculture Laboratories, Phnom Penh, Cambodia. Analysis of soil pH was also undertaken on site in a 1:1 soil water (of pH 7) solution using a handheld pHep digital unit with a glass electrode (HI98127, Hanna instruments, Kehl am Rhein, Germany). The average of five readings for each treatment was reported, all taken with the handheld pH unit 75 days after the start of the experiment (between the second and third crop rotations). For each crop cycle, the following were measured on the date of harvest: above and below ground fresh biomass; plant height measured after harvest from the stem base to the tip of the tallest leaf; and the number of leaves. Data were analyzed by a general linear model (GLM) univariate one or two way (when specified) analysis of variance (ANOVA) using SPSS 15.0 (SPSS Inc. Madison, WI, USA). One way ANOVA was followed by post hoc Tamhane's T2 test. Differences are reported as significant at
Results and Discussion
Soil and Biochar Characterisation
The pH of both the non-fertilized soil (0) and the soil with local organic fertilizer (CS) was within typical values for the main rice growing soils in Cambodia that range from pH 4 to 5.9, [8, 24] ( Table 2 ). The addition of lake sediment gave the mixture a larger proportion of fine silt and fine sand. The compost and sediment mixture also gave the soil a higher pH, this being raised from pH 4.77 to 5.39. Loss on ignition (LOI) was higher in fertilized soils. The total C and total N in the soil with local fertilizers was lower than the non-fertilized soil, which may be due to natural variation in the soil. The biochar had elevated levels of exchangeable K, Ca and Mg and 11 of the 22 trace metals, in comparison to levels of these elements in one of the non biochar-amended soils (Table 2 ). Certain trace metals may promote plant growth provided that they are below a threshold concentration. However, it is not possible to determine the impact of each individual substrate component, for example each trace metal, upon plant growth from the results presented here; that would require far more extensive further experimentation. In addition, a negative impact on plant growth from an individual substrate component may be counteracted by other positive effects from the biochar addition, for example, an increase in CEC under certain conditions. The CEC of the biochar was 44.4 cmol kg -1 or double that of the receiving soil. The bulk density of the soil was decreased by approximately one-third with biochar addition of 150 g kg 1 , assessed by weighing the pot when filled to the same volume either of soil (5000 g) versus soil plus biochar (3500 g), which is consistent with findings that a 10% biochar amendment significantly decreased bulk density of the soil [21] . The structure of the soil was also visibly altered, and, anecdotally, uprooting plants in the biochar amended soil was much easier than in the case of the non biochar-amended soil. The measured pH of the biochar used in this study (7.79) was lower than other rice husk biochar samples tested from four similar gasification units, which had a mean value of 9.63 [1] ; the reason for this difference is not known. Biochar addition increased the mean pH in both fertilized and non-fertilized soil. In the non-fertilized soil, the addition of biochar (0 to B50) increased the pH by 0.5 units from 4.8 to 5.3 but this was not significant ( = 0.095). In the fertilized soil with the same rate of biochar addition (CS to CS + B50), there was a significant pH increase of 0.6 units from 5.5 to 6.1 ( < 0.001) (Figure 1 ). The greatest pH increase was 1.2 units, after addition of 150 g kg 1 biochar to fertilized soil (CS + B150). There was a significant difference in the mean pH of soils amended with varying rates of biochar; the increases in pH in biochar-amended soils were consistent with increases in pH reported elsewhere [16] . Low pH can limit plant growth through modifying the dynamic of crop nutrients, so biochar addition could be particularly beneficial in the acidic soils widespread in Cambodia. Low concentrations of 16 PAHs (14.6 mg kg 1 ), were diluted by incorporation into soil. RHC samples in other studies had higher PAH contents (up to 104 mg kg 1 ), however risks from contamination after incorporation into the soil were considered low [1] , at least compared to those presented by urban soils in the UK (10-100 mg kg 1 ) [9] . It should be noted, however, that extracting with toluene has been shown to show higher PAH concentrations than with DCM, albeit still incomplete (ca. 50% to 80%) due to the high affinity of biochar for PAH compounds [26, 27] . In order to understand the impacts of PAH on plant growth, it might also be desirable to assess the concentration of specific PAH compounds, as some studies have shown negative effects on plant growth at concentrations of 2 mg kg 1 [28] . 
Plant Growth Indicators
For all three cycles of lettuce and cabbage production, above ground biomass increased with biochar addition (Figure 2) . The greatest increase relative to the control was 903%, with the addition of 50 g kg 1 biochar to non-fertilized soil (Table 3 ). In each cycle the lowest above ground biomass was from the non-fertilized and non-biochar amended soil (0) and the highest above ground biomass was in the treatment with fertilizer addition and highest level of biochar application (CS + B150). Biochar addition to non-fertilized soils (0) significantly increased all the plant growth indicators for both lettuce trials, except for below ground biomass for the second lettuce crop. In fertilized soils (CS), CS + B50 and CS + B150 showed increases for one or both of the lettuce crops for all plant growth indicators ( Figure 2) . With the addition of 25 g kg 1 biochar to the same soil (CS), no significant increases were seen in the lettuce crop growth indicators. No significant differences were seen for the cabbage crops (Figure 2 ), in comparison to the equivalent baseline (0 or CS). Significant differences between B50 and CS + B150 for example were not reported in Figure 2 . Note: * since there is only one value for "0" cabbage, no error bars are included.
The mean number of leaves was higher with biochar addition, in both the treatments with and without the compost-sediment mix, for all three crop cycles. The general trend was for increased below ground biomass with increasing biochar application rate; however, the third crop in CS + B150 was lower than CS + B50; 3.26 g compared with 4.77 g. This may reflect an improved soil physical structure, indeed a reduction of tensile strength and increase in field capacity of hard setting soils with biochar incorporation (which was particularly apparent with biochar additions of >50 Mg ha 1 ) has been reported elsewhere [19] . The stem length also increased in each cycle with the amount of biochar added to the treatments, apart from a slight decrease in cabbage during the second cycle. Table 3 . Percentage increase in crop yields (above ground biomass) from biochar addition in all treatments from a baseline scenario of non-fertilized soil (0) and soil fertilized with compost, liquid compost and lake sediment (CS). Note: for treatment "0" in cabbage, n = 1. A two-way ANOVA found no significance in the interaction of the variables (biochar and fertilizer addition) in the all but one of the cases (four plant growth indicators in each of the two lettuce crop cycles). This confirms the findings of Biederman and Harpole [29] who found limited evidence of a synergistic effect when biochar and fertilizers were applied in a meta-analysis of 371 independent studies. A significance in the interaction of the variables was however observed in the case of the above ground biomass of the first lettuce cycle ( = 0.001). The general lack of significance in the interaction suggests that biochar did not influence the effect of the organic fertilizer on plant growth, and vice versa, although the fertilizer addition and biochar addition to the soil alone were separately highly influential on the plant growth indicators.
In fertilized soils biochar addition led to a smaller increase in plant growth compared to biochar addition to non-fertilized soils (Table 3) . A higher biochar application rate to fertilized soils is therefore required to see the same increase in the measured variables (compared to non-fertilized soils). To achieve a doubling of the number of leaves in each plant in the fertilized soils for example, an addition of 150 g kg 1 was required, while in the non-fertilized soils, an addition of only 50 g kg 1 of biochar was required. The degree of above ground biomass (yield) increase with biochar addition was not maintained across all crop cycles. The difference between "0" and B50 was greatest: 903%, from 3.53 g to 31.85 g in the first crop cycle and lowest in the third crop cycle, which showed a much smaller, but still a large difference: 363%. The decline of the yield effect could be a consequence of the depletion of soil nutrients provided by the biochar. Due to the short cropping cycle (in total only 78 days in the substrate), the effect of biochar addition could be more pronounced than if longer cycles were used. Both lettuce and cabbage showed the same general response to biochar addition (Figure 2 ). Optimal soil pH for lettuce growth is between pH 6.0-7.0 and for cabbage, 6.0-7.5, and for absolute minimum and maximum growing conditions, pH 4.2-7.5, and 5.3-8.0 respectively [30, 31] . Therefore the effect of biochar on pH is likely to explain increased plant growth, particularly in the case of cabbage, which is more susceptible to acidic conditions [30, 31] . Factors other than soil amendment and nutrient status, may have limited plant growth in the pot trials. The survival of only one cabbage plant out of 9 plants in the "0" treatment is unexplained; however an insect infestation was observed, and although a number of factors can contribute to plant death, a smaller plant may be more susceptible to attack by insects. The monthly maximum ambient air temperature for the duration of the experiment was between 35-38°C [32] which is beyond the optimal range for growth of lettuce (up to 21°C) [31] and cabbage (up to 22°C), and also beyond the absolute maximum range for lettuce (30°C) and cabbage (34°C) [30] , and as such may have negatively affected the plant growth, though this effect would have been the same for all treatments. The increased water holding capacity of biochar [22] may have contributed to reducing wilting [25] in these high temperatures, where evapotranspiration is high, though experimental measurements such as XSF would be necessary to verify such potential effects.
Conclusions
Rice-husk biochar applied at rates between 50-150 g kg 1 in pot trials led to a highly positive effect on lettuce and cabbage growth both with and without local organic fertilizers in a sandy, acidic soil typical for Cambodia. This suggests that RHC has important potential benefits for both subsistence and commercial agriculture. When incorporated into soil substrate in pot trials, biochar and local organic fertilizers altered the soil physical structure (bulk density) and modified the soil chemical properties (pH, CEC and nutrient supply) and the impact extended over three cropping cycles. The lettuce (first crop) displayed proportionally greater gains in productivity (relative to the same crop grown in non-fertilized soil) than the same crop in the third cycle. In order to maintain benefits to plant growth, it is likely that further re-application of biochar may be necessary. The quantities of biochar application in this trial were equivalent to field rates of up to 167 Mg ha 1 , which may not be feasible economically, practically and logistically. However, such rates are credible in a raised-bed horticultural context or in vegetable growing using grow-bags, etc. to which our study is more directly relevant. The present results need to be reproduced under a wider range of growing conditions-and on a large-scale since the maximum advisable additions remain unclear. Nevertheless, it is an important finding that at this high level of application, the RHC did not reduce vegetable growth relative to the control, even in the case where additional organic fertilizer was not also added. This tends to suggest that nitrogen sorption by the rice husk char did not reduce the availability of nitrogen to the plants.
In conclusion, the hypothesis that the addition to soil of the rice husk biochar can be a suitable use of available RHC with attendant agronomic benefits for vegetable production has been supported, especially when other organic amendments can be incorporated into the soil alongside the biochar. It is now necessary for the experiment to be extended to the field-scale in order to test whether the pot-trial results can be reproduced.
